Low-lying resonances of the CH 2 ͑ã 1 A 1 ͒ system ͑J =0͒ in an accurate ab initio potential energy surface are studied using a filter-diagonalization method. The width of these resonances fluctuates by more than two orders of magnitude and on average increases with the energy. Analysis of the resonance states concludes that the unimolecular decay of the excited molecular system near the dissociation threshold is neither mode specific nor statistical state specific. This is apparently due to remnant regularity embedded in the largely chaotic classical phase space, as evidenced by periodic orbit analysis. As a result, the Rice-Ramsperger-Kassel-Marcus and statistical adiabatic channel models overestimate the average unimolecular decay rate. The implications of the resonances for the bimolecular C͑ 1 D͒ +H 2 reaction are also discussed.
I. INTRODUCTION
Recently, there is much interest in the C͑ 1 D͒ +H 2 → CH+ H reaction mainly due to two reasons. From a practical perspective, this reaction is believed to play an important role in many chemical processes, such as combustion 1 and astrochemistry. 2 A perhaps more fundamental motivation stems from its uniqueness in understanding insertion reactions, which are often characterized by low or zero entrance/ exit channel barriers and long-lived complexes. 3, 4 Indeed, the reaction is almost thermoneutral and is dominated by a deep ͑ϳ4.3 eV͒ CH 2 potential well. 5 Unlike the extensively studied O͑ 1 D͒ +H 2 reaction in which nonadiabatic abstraction pathways may be involved, [6] [7] [8] the C͑ 1 D͒ +H 2 reaction is believed to proceed via an exclusively adiabatic insertion pathway, 9 thus serving as an ideal prototype for understanding the dynamics of such reactions. Despite the accumulation of experimental data on this reaction, [10] [11] [12] [13] [14] [15] [16] it is only recently that quantum mechanical studies of the reaction dynamics have been carried out 5, [17] [18] [19] [20] [21] [22] [23] [24] on accurate global potential energy surfaces ͑PESs͒ based on high quality ab initio calculations with large basis sets and inclusion of electron correlations. 5, 25 In addition to confirming the barrierless insertion pathway, 26, 27 these quantum studies have shown that the reaction probability is highly oscillatory, which has been attributed to the involvement of resonance states. Interestingly, the long lifetime of these resonances allows a statistical treatment of the reaction, which has been shown to be very successful. [21] [22] [23] [24] Until now, however, no detailed study of these resonances has been attempted. Obviously, a better understanding of these metastable states, a major goal of this work, is of crucial importance for validating the statistical treatment of the bimolecular reaction and for gaining deeper insight into the reaction dynamics. The deep CH 2 potential well supports a large number of bound vibrational states. There have been extensive spectroscopic studies of the rovibrational spectra of both the singlet and triplet manifolds of CH 2 . [28] [29] [30] To our best knowledge, there has been no report of unimolecular dissociation of the molecule, but it is certainly not out of the reach of modern spectroscopic methods such as overtone pumping and stimulated emission pumping. Very recently, highly excited vibrational levels up to the dissociation limit of the lowest adiabatic singlet ͑a 1 A 1 ͒ state have been reported by us. 31 It was found that the vibrational dynamics is largely chaotic, rendering many highly excited vibrational states irregular and unassignable. However, embedded in the chaotic spectrum there also exist regular states that defy the strong mode mixing. These behaviors of the highly excited bound states are expected to continue into the continuum, as shown in this work.
Many of the metastable resonance states apparently participate in the bimolecular reaction between C͑ 1 D͒ and H 2 , as inferred from the oscillatory structure in the reaction probability. Due to the small exothermicity of the reaction, these resonance states are expected to be long lived, as evidenced by the sharpness of the oscillation. Consequently, the calculation of these states represents a computational challenge because of the large grid/basis size and long wave packet propagation necessary to converge them. This is particularly true if a Fourier based spectral method is used, because the resolution of a dense spectrum is dictated by the uncertainty principle. In this work, we employed a Chebyshev-based filter-diagonalization method to map out the complex energies of low-lying resonance states ͑J =0͒ with even exchange symmetry. In order to understand the corresponding classical phase space, periodic orbit analyses were carried out. The distribution of the decay rates of the resonance states was compared with the Rice-Ramsperger-Kassel-Marcus ͑RRKM͒ and statistical adiabatic channel models 32 to shed light on the mechanism of the unimolecular reaction. In addition, their role in the bimolecular reaction was also explored. This paper is organized as follows. In Sec. II, the computational methods used in this work are briefly outlined. The results are presented and discussed in Sec. III. Finally conclusions are made in Sec. IV.
II. THEORY

A. Resonance calculations
The nonrotational ͑J =0͒ Hamiltonian used to calculate the resonance states is given in the reactant Jacobi coordinates,
where r and R are, respectively, the diatomic ͑H-H͒ and atom-diatom ͑C-H 2 ͒ distances with r and R as their reduced masses. ĵ denotes the diatomic rotational angular momentum operator. Reactant Jacobi coordinates ͑R , r , ␥͒ were employed to make use of permutation symmetry. The PES used in this work is that of Banares et al., 25 which was modified from the original ab initio PES of Bussery-Honvault, Honvault, and Launay. 5 The resonances of interest are quasibound states embedded in the continuum above the scattering asymptote. 33 These so-called Feshbach resonances are formed because of temporary trapping of energy in some internal degrees of freedom. Although sharing some spatial features with bound states, they are fundamentally different in their boundary conditions. Indeed, the resonance states can be conveniently considered as eigenstates of a modified Hamiltonian made up of the original Hermitian Hamiltonian and a complex optical potential in the dissociation asymptotes. 34 The optical potential imposes outgoing wave boundary conditions 35 and permits the use of square-integrable bases. The corresponding eigenvalues are thus complex and in the form E n − i⌫ n /2 where E n and ⌫ n represent positions and widths of the resonances, respectively. The resonance lifetimes, which are related to the widths 1 / ⌫ n , are associated with the unimolecular reaction rates in the nonoverlapping resonance limit. 32 To avoid the steep scaling laws in direct diagonalization, we employed the filter-diagonalization ͑FD͒ method originally introduced by Neuhauser, 36 which uses filter operators to generate a small subspace spanned by filtered states near the energy of interest, from which the approximate eigenvalues and eigenstates can be obtained. The filtering can be carried out with time propagation, but propagation based on polynomial recursion relationships [37] [38] [39] [40] [41] [42] is preferred because they can be implemented exactly. 43 FD was further developed to avoid the explicit construction of the filtered states. 44 The so-called low-storage FD ͑LSFD͒ constructs small energy-local Hamiltonian matrices from correlation functions, preferably obtained from the Chebyshev propagation. [45] [46] [47] This approach is applicable to both real and complex symmetric Hamiltonians. [48] [49] [50] Recently, we suggested an empirical scheme to double the Chebyshev autocorrelation function, C k ϵ͑ i ͉T k ͉ i ͒, where T k is the Chebyshev propagator. 51, 52 It allows a more efficient determination of positions and widths of narrow resonances using LSFD. ͑A similar scheme was suggested later by Neumaier and Mandelshtam. 53 ͒ The doubling scheme was used here to extract the resonance energies and widths of CH 2 . To this end, the doubled autocorrelation function was calculated as follows:
where ͑•͉•͒ defines complex nonconjugate inner product, 54 and k ϵ T k i . The damped propagation in the Chebyshev order domain was performed to enforce outgoing wave boundary conditions, 39 ,40
with 1 = DH norm i . The Hamiltonian was normalized,
, where H ± = ͑H max ± H min ͒ / 2 and H max ͑H min ͒ is the upper ͑lower͒ bound of the spectrum. 55 The damping function D is arbitrary as long as it smoothly decays at the grid edges. In this work, we used the following form:
We note in passing that the above propagation can be carried out entirely with real algebra, which results in significant savings over the complex time propagation. The discretization of the Hamiltonian is the same as in our previous work 18, 31 and thus not detailed here. Briefly, a direct product discrete variable representation ͑DVR͒ was employed. 56 Along the Jacobi radial coordinates R and r, equidistant grids were defined and the corresponding kinetic energy terms were evaluated using the fast sine Fourier transform. For the angular variable ␥, Gauss-Legendre DVR points were used.
B. Bound-state calculations
In addition to the resonance calculations, we have included below some calculations of the highly excited bound states using the similar techniques as in our earlier work. 31, 57 In particular, the bound states were obtained using the Lanczos method 58 and Radau coordinates. A single Lanczos propagation method 59, 60 was used to identify the local mode 61 states by computing within a single Lanczos recursion all the overlaps between the eigenstates and several Gaussian wave packets strategically placed near the dissociation asymptotes. 57 The reader is referred to our earlier publications 31, 57 for details.
C. Periodic orbit calculations
To understand the classical motion below and above the dissociation limit, we have performed periodic orbit ͑PO͒ analysis of the phase space structure. Stationary points and periodic orbits were located with the program POMULT, a package of Fortran programs which implement multiple shooting algorithms for solving two-point boundary value problems. 62 Analytic first and second derivatives of the potential function required in the calculation of periodic orbits and their stability analysis were computed by the AUTO-_DERIV, a Fortran code for automatic differentiation of any analytic function of many variables written in Fortran. 63 Details can be found in our previous publications.
III. RESULTS AND DISCUSSION
A. General properties of resonances
Convergence tests have been carried out by varying the basis size along each degree of freedom in the resonance calculations. The numerical parameters finally employed are summarized as follows: 188 equidistant grid points for R ͑0.0, 16.0͒a 0 , 99 equidistant grid points for r ͑0.5, 15.0͒a 0 , and 35 Gauss-Legendre quadrature points for the angular coordinate, which correspond to j max = 68 because of the exchange symmetry in the diatom. This large ͑N = 6.5ϫ 10 5 ͒ dimensionality of the propagation wave packet is the same as in our earlier bound-state calculation. 31 The PES and the rotational kinetic energy terms were truncated at 0.5 hartree. The damping starts at R d = 11.0a 0 and r = 11.0a 0 with damping coefficients of 5.0ϫ 10 −4 a 0 −2 and 4.0ϫ 10 −3 a 0 −2 . In Fig. 1 , the energetics of the C͑ 1 D͒ +H 2 → CH+ H reaction including the zero point energy in each arrangement channel is illustrated. The bimolecular reaction is slightly exothermic. The product ͑CH+ H͒ asymptotic limit is 58 cm −1 above the reference zero, which is chosen as the reactant ͑C+H 2 ͒ PES minimum. The reactant channel opens at 2188 cm −1 . We should, however, caution that these threshold energies are not strictly defined as the PES is not perfectly flat in the asymptotic regions. There is an uncertainty of about 10 cm −1 . In calculating the CH 2 resonance states, we have generated two sets of correlation functions using different initial wave packets i . The first was a doubled autocorrelation function, generated by propagating an initial wave packet randomly distributed in the coordinate space, while the second set included both autocorrelation and cross-correlation functions from a Gaussian initial wave packet in the C͑ 1 D͒ +H 2 asymptote corresponding to the ground rovibrational state of H 2 ͑ i =0, j i =0͒. The former was aimed at a more statistically even sampling of resonance states, as the chosen initial wave packet has no inherent bias against any subset of resonances. On the other hand, the latter was used to identify resonances that play a major role in the reactive scattering, especially when cross-correlation functions involving the product channels ͓C k ͑f←i͒ ϵ͑ f ͉T k ͉ i ͔͒ were used in the LSFD analysis. A total of 320 resonance states were extracted in the energy range of ͓0 , 4000͔ cm −1 from the autocorrelation function with a random initial wave packet. The length of the correlation function is two hundred thousands, doubled from one hundred thousand propagation steps. Their energies and widths are displayed in the upper panel of Table I . We emphasize at this point that the FD method is not designed for identifying broad ͑⌫ n Ͼ 100 cm −1 ͒ resonances. The lack of resonances with widths larger than 20 ps −1 in Fig. 2 does not necessarily imply the absence of broad resonances.
As shown in Fig. 2 , the width of the resonances fluctuates by more than two orders of magnitude, but no clear progression can be found. Similar to the highly excited bound-state spectrum, 31 the resonance states appear to be evenly spaced, presumably because of strong nearest neighbor level repulsion due to intermodal coupling. As expected, 64 the width on average becomes larger at higher energies and fluctuates less.
B. Phase space structure
We extracted the global classical dynamics of methylene on the ã 1 A 1 state PES by locating families of POs. We started from the minimum of the PES by finding the principal families which correspond to the normal modes of the molecule. Then, continuation methods applied with the time period as a parameter 65 revealed how the stability of the POs change with energy in a specific family. Bifurcations were predicted and new families of POs were located. The continuation/bifurcation ͑C / B͒ diagram was then compared with the quantum mechanical vibrational overtone level spacing. We have covered energies up to 5000 cm −1 above the dissociation threshold.
The C / B diagram is shown in Fig. 3 . The continuous lines denote the frequencies of POs as functions of the total energy E. A3 is the family that corresponds to the bending normal mode, A2 to the symmetric stretching mode, and A1 to the antisymmetric stretching mode. The continuation lines do not distinguish stable from unstable POs. The A1 family remains stable for the energy range shown, but the A2 symmetric stretch family becomes early single unstable and after its bifurcation at about −25 400 cm −1 double unstable. Note that the two principal families A1 and A2, cross at about −12 000 cm −1 with A1 having lower frequencies than A2 at higher energies. The bifurcation of A2, the A2A1 family, shows larger anharmonicity than the parent A2 and it is initially single unstable but it becomes stable above −20 000 cm −1 and remains stable up to the dissociation of the molecule. A3 is stable up to the barrier of isomerization that separates the two symmetric minima of the PES, after which it becomes single and later double unstable.
As shown in our previous studies, [66] [67] [68] [69] the Hamiltonian saddle-node ͑SN͒ bifurcation is the most common elementary bifurcation 70 found in molecular systems. Their importance is due to the creation of new POs suddenly at some Fig. 3 . This scenario, seen also previously, is typical as the parent family approaches the bifurcation critical energy. Its frequency levels off and two new families appear with one branch showing high anharmonicity. As energy increases the frequency of the most anharmonic daughter family starts leveling off again and a new SN bifurcation takes place. The bifurcation of the A2 family, A2A1, results in local mode type motions ͑CH stretch͒, which continue even above the dissociation threshold. To understand these classical local mode dynamics, we have identified the quantum mechanical local mode overtones of CH 2 below the dissociation limit, denoted as the ͑n ,0͒ + states, 61 using the method of Li and Guo. 57 As shown in Table II , the energy gap between adjacent levels decreases from ϳ2800 cm −1 to merely 500 cm −1 , due to large anharmonicity in the dissociation channels. In  Fig. 3 , the classical frequencies are compared with the energy difference between adjacent quantum eigenenergies for the three series of overtone vibrational progressions. As we can see, the anharmonicity of the overtone states closely follows that of the frequencies of the POs.
Most importantly, the highly excited local mode eigenfunctions near the dissociation threshold seem to correspond to the saddle-node type POs: SNiA. A typical example is shown in Fig. 4 , in which the ͑14, 0͒ + eigenfunction at −3097.86 cm −1 is plotted in the Radau coordinates together with a PO from the SN1A family and its symmetric counterpart. The existence of stable POs, such as the A1 and A2A1 families, allows us to conclude that regularity exists in the largely chaotic phase space even above the dissociation limit.
C. Unimolecular decay rate
In the limit of isolated resonances, the unimolecular decay rate of a resonance is directly related to its width,
where ប is the Planck's constant. As shown in the lower panel of Fig. 2 , the CH 2 resonances are mostly isolated below 3000 cm −1 , judging from the product of density of states and average width ͑͗⌫͒͘. Here, the density of states was obtained directly from the resonance spectrum with a   FIG. 3 . Periodic orbit continuation/bifurcation diagram of the ã 1 A 1 state of CH 2 . A3 is the family that corresponds to the bending normal mode, A2 to the symmetric stretching mode, and A1 to the antisymmetric stretching mode. The symbols represent the energy spacing between neighboring quantum states of the overtone progressions; squares for the antisymmetric stretch, diamonds for the symmetric stretch, and local mode and triangles for the bend. SN denotes periodic orbits emanated from saddle-node bifurcations. Note also that the even quantum number states for the antisymmetric stretch are shown. 
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Resonances of CH 2 J. Chem. Phys. 122, 124308 ͑2005͒ 500 cm −1 interval. However, it was found to be very close to that extrapolated from the bound-state spectrum, which gave us some confidence that most resonances have been captured by our calculation. Above 3000 cm −1 , the density of states is larger than the average width and the resonances are likely to overlap. In this limit, the decay rate is more difficult to define. In addition, the opening of the C + H 2 channel at 2188 cm −1 is expected to complicate the decay dynamics. For these reasons, we will concentrate in this section on the lowest-lying resonances up to 2000 cm −1 . In our discussion, k n and ⌫ n will be used interchangeably.
The two archetypes of unimolecular decay are the socalled statistical state-specific and mode-specific limits, 32, 64, 71, 72 exemplified by the HO 2 ͑Refs. 73 and 74͒ and HCO systems, 75, 76 respectively. The former is characterized by complicated and irregular vibrational wave functions due to strong intermodal coupling and random energy distribution among the internal degrees of freedom. As a result, the corresponding resonance states cannot be assigned with a zeroth-order Hamiltonian. On the other hand, the latter exhibits strong dependence of the decay rate on one or more regular and assignable vibrational progressions, thanks to weak coupling of these modes with the dissociation coordinate. Naturally, wave functions of these resonances show clear nodal structures and are assignable based on a zerothorder Hamiltonian. A direct result of mode specificity is a large fluctuation of the resonance width. In HCO, 76 for instance, resonance widths span more than four orders of magnitude and depend sensitively on the vibrational assignment. However, statistical state-specific decay processes do not necessarily possess uniform widths either, unless in the limit of infinite decay channels. Indeed, resonance widths of the HO 2 system also fluctuate, but within a smaller range. 74 It is interesting to note that the fluctuation of the width in the statistical limit is well characterized by the Porter-Thomas distribution 77, 78 that can be derived from the random matrix theory 79 or from maximal entropy arguments. 80 The CH 2 system is certainly not a regular system, as shown by our earlier analysis of its vibrational spectrum below the dissociation limit, 31 in which many highly excited vibrational states were found to be irregular and unassignable. Intermodal couplings, such as the Fermi resonance between the stretching and bending modes, and anharmonicities are responsible for strong mode mixing and random energy distribution among the internal modes.
If the decay of CH 2 is not mode specific, is it statistical state specific? The quantum state specificity is well illustrated in Fig. 2 , where decay rates of low-lying resonances are scattered over more than two orders of magnitude. To examine whether the decay is statistical, we compared the resonance widths with the Rice-Rampsberger-KasselMarcus ͑RRKM͒ rate for given E and J,
where ͑E͒ is the density of states at E and N͑E͒ is the total number of open channels at the transition state. The RRKM theory is based on the premise that the system is completely ergodic because of fast intramolecular vibrational energy redistribution. As a result, it yields decay rates for the limiting case of a completely statistical unimolecular reaction. Technically, there are several ways to compute the numerator in Eq. ͑6͒. As an upper limit, it can be approximated by the number of asymptotic open channels at a given energy for a barrierless system such as CH 2 . Alternatively, the statistical adiabatic channel model ͑SACM͒, 81 in which the number of open channels is counted based on adiabatic dissociation potential curves, can be used. To that end, we have computed the adiabatic eigenvalues of the two-dimensional Hamiltonian matrices along the dissociation coordinate and constructed the adiabatic curves for both the CH+ H and C +H 2 channels. In the energy range below 4000 cm −1 , the results from the two modals are nearly identical, thanks to very "loose" transition states in both arrangement channels.
The rates predicted by the RRKM and SACM models are compared in Fig. 2 with the averaged quantum rate ͗k͘ of CH 2 . Here, ͗k͘ was calculated as an arithmetic average of the rate within a small ͑500 cm −1 ͒ energy interval. The comparison clearly shows that the statistical models overestimate the averaged decay rate by roughly a factor of 2. It implies that the decay of the CH 2 complex might not be completely statistical. This observation is consistent with our analysis of the CH 2 vibrational spectrum near the dissociation limit ͑Sec. III B and Ref. 31͒, in which regularity was found embedded in the chaotic classical phase space. Indeed, a Brody parameter of 0.64 was found for the nearest neighbor level spacing distribution of the CH 2 vibrational spectrum, 31 where 0 and 1 are known for regular ͑Poisson͒ and irregular ͑Wigner͒ limits, respectively. 82 Significant deviations from the irregular Gaussian orthogonal ensemble limit were also observed in the ⌬ 3 distribution.
The regularity stems, at least partly, from the local mode 61 stretching vibration of CH 2 . As discussed in Sec. III B, many local mode states have been found below the dissociation limit and the local mode POs are stable even above the dissociation threshold. We have also found many resonance states possess clear local mode characteristics. As shown in the upper panel of Fig. 5 , the wave function of one of such states ͑E n = 1540 cm −1 ͒ extends in the two dissociation coordinates with a clear nodal structure. Similar local mode states have previously been observed below and above the dissociation limit of H 2 O on model 83, 84 and realistic potential energy surfaces. 57, 85 Because of their extended wave functions in the dissociation channels, they often have relatively short lifetimes. For the local mode resonance state shown in Fig. 5 , its width of 7.6 cm −1 is significantly larger than the average width in this energy range.
In contrast to the local mode vibration where energy is stored in one of two C -H stretching modes, excitation can also be shared by both stretching modes to form the so-called hyperspherical mode. [83] [84] [85] We have found resonance states that resemble hyperspherical mode of vibration, and plotted in the middle panel of Fig. 5 one such wave function ͑E n = 617 cm −1 , ⌫ n = 1.4 cm −1 ͒. Because of the compactness of wave functions, such resonances typically have smaller overlaps with continuum states and thus on average longer lifetimes. Nonetheless, the nodal structure is clear and assignable.
The presence of both the local and hyperspherical modes in the CH 2 resonance states points to many similarities with the more extensively studied H 2 O system, [83] [84] [85] presumably because of similar mass disparities in these systems. Both vibrational spectra are largely chaotic, but with surviving regularities to the dissociation limit and beyond. Indeed, such similarities have been noted by other authors. 86 The local and hyperspherical states notwithstanding, the majority of the CH 2 resonances are irregular and impossible to assign quantum numbers based on any zeroth-order Hamiltonian. A representative state at E n = 148 cm −1 , ⌫ n = 9.0 cm −1 is plotted in the lower panel of Fig. 5 . The lack of clear nodal structure is a result of strong intermodal coupling that facilitates efficient energy flow among the vibrational modes. However, because only a finite number of dissociation channels is available at low energies in this small polyatomic system, the width of the resonances fluctuates. As mentioned earlier, the fluctuation of the resonance width should in the statistical limit follow the so-called PorterThomas distribution, [77] [78] [79] [80] 
where ͗k͘ is the average rate within an energy interval ͓E , E + dE͔, N is the effective number of open channels, and ⌫͑x͒ is the Gamma function. In Fig. 6 , the distribution of the resonance decay rates is compared with the Porter-Thomas distribution for the first 15 open channels. Due to the small number of resonance states in each energy window, particularly those at low energies, the binned distributions may not be smooth and statistical. However, the agreement with the Porter-Thomas distribution is reasonable, although there appears to have some overpopulation of resonances with extremely small rates. In particular, we note that the range of fluctuation decreases with the energy while the averaged width increases with the energy. With an increasing number of open channels, the Porter-Thomas distribution eventually approaches the ␦-function limit centered at the average rate ͗k͘, where the RRKM theory is expected to give an accurate description of the unimolecular decay.
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To summarize, the unimolecular decay of the CH 2 sys- 
D. Bimolecular reaction
Below 2188 cm −1 , the resonances can only decay into the product ͑CH+ H͒ channels and do not contribute to the bimolecular reaction. Above 2188 cm −1 , resonances can decay into the reactant or product channels or both. As a result, the resonances that affect the bimolecular reaction are expected to be quite different from those responsible for the unimolecular reaction discussed above.
As mentioned in Sec. II, resonances have also been extracted from the correlation functions associated with an initial wave packet in the reactant ͑C+H 2 ͒ channel. Many of them are identical to those extracted from the autocorrelation function with the random initial wave packet, but others converge better because of larger overlaps with the initial wave packet in the reactant channel. In Fig. 7 , the resonances are plotted with the state-to-state reaction probability ͑P v f =0,j f =0←v i =0,j i =0 ͒ in the energy range ͓2420, 3500͔ cm −1 . The reaction probability is expressed as the square of the corresponding S-matrix 
where a i and a f are amplitudes of the initial and final wave packets at energy E, respectively. We emphasize that the resonance states have to be complete to span the Green's operator in Eq. ͑8͒. If the resonances are isolated, each resonance contributes to a Lorentzian peak in the reaction probability, whose intensity is proportional to the square of its overlaps with both the initial and final wave packets ͉͑͑ f ͉n͒͑n͉ i ͉͒ 2 ͒. Indeed, such correspondence can be observed at the low energy end of the spectrum in Fig. 7 , where the square of each resonance contribution is plotted as the height of the resonance. Although the peak positions do not coincide perfectly with the resonance energies, each peak in the reaction probability can still be attributed to a single resonance.
However, we have shown in Fig. 2 that the resonance widths are on average larger than the nearest neighbor level spacing in this energy range. In this overlapping resonance limit, the decomposition of the peaks into contributions of individual resonances becomes much more difficult because of quantum interferences with many nearby resonances, particularly those with large widths. Note that the reaction probability is the square of a coherent sum of all resonance contributions. These interferences may shift peak positions, produce new peaks, or alter the peak intensities. Perhaps more importantly, the list of resonances may miss many states with very large widths. The interference of these very broad resonances with the narrow resonances shown in the figure is very difficult to estimate. Thus, a faithful reconstruction of the reaction probability from the narrow resonances is understandably difficult, if not impossible, to achieve.
Even though the peaks in the reaction probability cannot be directly assigned to individual resonances, there is little doubt that the oscillatory structures in the state-to-state and total reaction probabilities are due to either the resonances themselves or their interferences. Thus, it is instructive to examine individual resonances that contribute to the bimolecular reaction. The upper panel of Fig. 8 shows a representative wave function of a resonance state at E = 3306-20i cm −1 . As indicated in Fig. 7 by an arrow, it has a significant overlap with both the initial and final wave packets. Typically, the resonances that affect the bimolecular reaction possess significant amplitude in both the reactant ͑C +H 2 ͒ and product ͑CH+ H͒ channels, whereas those dominating the unimolecular reaction have their energy stored in the C -H vibration, as shown in Fig. 5 . To illustrate the difference between these two types of resonances, we plot in the lower panel of the same figure the wave function of another resonance ͑E = 2898-4i cm −1 ͒ that has a very small amplitude in the reactant channel. Its negligible contribution to the bimolecular reaction is highlighted by another arrow in Fig. 7 .
Finally, we note from the upper panel of Fig. 2 that the The overlapping of resonances in the energy range of interest may further enhance the energy randomization in the excited CH 2 complex, rendering the system more statistical. These observations justify the assumptions used in the statistical treatment of the C͑ 1 D͒ +H 2 reaction, [21] [22] [23] [24] i.e., the sufficiently long lifetime of the CH 2 complex permits the neglect of phase information in computing reaction probabilities of the bimolecular reaction. 91, 92 
IV. CONCLUSIONS
In this work, we have studied low-lying resonances of the CH 2 system on a high quality ab initio potential energy surface using the low-storage filter-diagonalization method based on the Chebyshev propagation, and examined their roles in both unimolecular and bimolecular reactions. A few hundred narrow resonances were found in the energy range up to Ϸ4000 cm −1 above the lowest dissociation asymptote. They exhibit a large variation in their widths, suggesting strong state specificity. On average, the resonance width increases with energy, but its fluctuation decreases. While the resonances are mostly isolated at lowest energies, they become increasingly overlapped as energy increases.
These metastable resonances can be considered as an extension of the highly excited vibrational states beyond the dissociation limit. Hence, they have properties that resemble those of the bound states. Indeed, our analysis of the classical phase space indicates that many periodic orbits extend smoothly into the continuum. This observation implies that a good understanding of the resonances can be achieved by studying the highly excited vibrational levels.
Below 2000 cm −1 where the resonances are mostly isolated, the unimolecular decay into the CH+ H channels is dominated by individual CH 2 resonances. The decay of these resonances is found to conform to neither the mode-specific nor statistical state-specific limits. This is consistent with our understanding of the vibrational dynamics near the dissociation limit, which shows regularity embedded in the largely chaotic classical phase space. Indeed, the fluctuation of the resonance width is reasonably well described by the PorterThomas distribution derived from the random matrix theory. However, significant regularity persists in both highly excited bound states and low-lying resonances. In particular, we have found resonances possessing clear nodal structures related to local and hyperspherical vibrational modes. Furthermore, classical analysis of the phase space has identified many saddle-node periodic orbits, which can be regarded as the classical analogs of the regular quantum resonance states. Because of these regular resonances, statistical theories such as the RRKM and SACM models overestimate the averaged quantum decay rate in this energy range. The coexistence of regular and irregular resonances states makes the CH 2 system an intermediate case between the two limiting cases of unimolecular reactions.
Like other XH 2 hydrides such as water, the CH 2 system presents an interesting case for studying mode-selective chemistry and intramolecular vibrational energy redistribution. Kinematic factors such as the mass disparity between H and X favor the existence of local modes, which in turn suggests the possibility of selectively exciting one of the two C -H bonds. For an isotopomer CHD, for example, modeselective excitation might lead to preferential branching of the products, namely, CD and CH. It is interesting to note that this system differs from completely regular systems such as HCO in that the mode-selective unimolecular reaction is embedded in a largely chaotic classical phase space. We hope that the results in this work will motivate future experimental exploration of the unimolecular decay of CH 2 , even though specific prediction of resonance energies and widths made in this work may not be quantitatively accurate.
The bimolecular reaction is also dominated by resonances. Our results unequivocally confirm that the oscillation structure observed in bimolecular reaction probabilities is due to resonances, many of them are long lived and overlap with each other. As a result, it is difficult to assign the peaks in the reaction probability to individual resonance states. However, the lifetimes of many resonances are sufficiently long to permit a statistical treatment of the bimolecular reaction, as illustrated in recent work by us and others.
Resonances affecting the bimolecular reaction exhibit very different characteristics from those that dominate the unimolecular reaction. The former are found to have significant amplitudes in both the reactant and product channels, whereas the latter deposit their energy mainly in the C -H vibration. The detailed analysis presented in this work allows us to gain deeper insight into the roles played by the longlived resonances in both the unimolecular and bimolecular reactions.
